Multiple visual attention mechanisms are active already in infancy, most notably one supporting orienting towards stimuli and another, maintaining appropriate levels of alertness, when exploring the environment. They are thought to depend on separate brain networks, but their effects are difficult to isolate in existing behavioural paradigms. Better understanding of the contribution of each network to individual differences in visual orienting may help to explain their role in attention development. Here, we tested whether alerting and spatial cues differentially modulate pupil J o u r n a l P r e -p r o o f dilation in 8-month-old infants in a visual orienting paradigm. We found differential effects in the time course of these responses depending on the cue type. Moreover, using Principal Component Analysis (PCA) we identified two main components of pupillary response, which may reflect the alerting and orienting network activity. In a regression analysis, these components together explained nearly 40% of variance in saccadic latencies in the spatial cueing condition of the task.
Introduction
How attentional control emerges has been perhaps one of the central themes of research in developmental cognitive neuroscience over the last few decades. Different strands of work sought to describe some of the basic attentional mechanisms (e.g. Colombo, 2002 ; Richards, Reynolds, & Courage, 2010) and the role of changing neural organisation that supports their development (e.g. Amso & Scerif, 2015) . While several models of attentional processes exist in the literature, the Petersen and Posner model (Petersen & Posner, 2012; Posner & Petersen, 1990 ) has been successfully applied in research with infants and young children (Rothbart, Posner, & Boylan, 1990 ). It postulates that three systems of attention exist, each of them dependent on the activity of separable brain networks and different neurotransmitters (Posner & Rothbart, 2007; Rueda et al., 2004; Xuan et al., 2016 ). The orienting system controls attention shifting towards stimuli and sustains attention on selected objects or events. It relies on the spatial orienting network encompassing superior colliculi, frontal eye fields, and parietal cortex. The alerting system maintains appropriate levels of alertness, regulates the level of sensitivity to stimuli and depends on J o u r n a l P r e -p r o o f the activity of the locus coeruleus and the right fronto-parietal cortex. The executive attention system -the last one to emerge in development, supports endogenous attention control and stimulus selection. It relies on the activity of basal ganglia, anterior cingulate cortex, and lateral ventral prefrontal cortex. Since the development of executive attention control is protracted and extends well beyond infancy (Diamond, 2014) , we focused on the alerting and orienting networks since they are already operational at 4 months of age (Amso & Johnson, 2006) .
The orienting network undergoes significant changes throughout the first 6 months of life.
Newborns readily orient to salient visual stimuli, especially faces and track them, largely thanks to subcortical mechanisms, mediated by the superior colliculus (see Johnson, Senju & Tomalski, 2015) . Early on, they exhibit "obligatory attention", a difficulty to disengage attention and to shift it voluntarily (Hood & Atkinson, 1993; Johnson, Posner, & Rothbart, 1991) . However, the cortical control of orienting is apparent by 3 months of age, when they show anticipatory looking (Haith, Hazan, & Goodman, 1988 ) and begin to inhibit reflexive saccades in the antisaccade task from 4 months (Holmboe et al., 2008; Johnson, 1995) . Crucially, 4-month-olds show evidence of covert orienting in the spatial cueing task, suggesting that parietal cortex and frontal eye fields are engaged in spatial orienting early in infancy (Butcher, Kalverboer, & Geuze, 1999; Hood & Atkinson, 1993; Johnson & Tucker, 1996) . ERP studies of the spatial cueing task complement these results, with spatial cue validity effects found for early responses (enhanced P1 component around ~135 ms from target onset when cue and target were in the same location) for infants aged 4.5 months, but not younger (Richards, 2000) . Subsequent work localised cortical sources of this effect to clusters of activity in temporal and extrastriate occipital cortices (Richards, 2005) , broadly replicating adult patterns of activation (Martínez et al., 1999) . Altogether these results suggest that by the middle of the first year of life the orienting network is fully functional producing similar experimental effects in the spatial cueing task and engages broadly the same set of cortical areas as in adults.
The early development of the alerting network has been perhaps less explored. Alertness depends on the activity of several neural circuits, including the Autonomic Nervous Systems J o u r n a l P r e -p r o o f (ANS), which modulates slow changes in the level of arousal (tonic alertness) (Oken, Salinsky, & Elsas, 2006) . The tonic mechanism maintains an appropriate level of responsiveness to incoming stimuli and research with 12-month-old infants indicates that fluctuations in arousal are associated with fluctuations in look durations (de Barbaro, Clackson, & Wass, 2017; for a review see Wass, 2018) . Alertness also depends on rapid task-and stimulus-relevant (phasic) modulation of neural activity via noradrenergic projections by the locus coeruleus, which is sensitive to stimulus novelty or reward value (Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Keehn, Müller, & Townsend, 2013; Oken et al., 2006) . The two mechanisms are interrelated and distinct levels of tonic or phasic activity may affect cognitive performance (see Wass, 2018 for review).
Both the alerting and the orienting networks are affected by the phasic activity of locus coeruleus-norepinephrine system (LC-NC) (Bast, Poustka & Freitag, 2018) . The flexibility of the orienting response to silent stimuli depends on two orienting sub-networks: the dorsal and the ventral frontoparietal attention networks (Corbetta & Shulman, 2002; Corbetta, Patel & Shulman, 2008) . The dorsal frontoparietal attention network activates during focused attention to selected stimuli. When the organism detects a change in the environment the ventral frontoparietal attention network activates. The switch between these networks -"circuit break" -is modulated by the LC activity (Corbetta & Shulman, 2002) . During phasic alertness the increased signal from the LC projects to the temporoparietal junction (TPJ). The TPJ activity initiates, in turn, switch from focused attention to orienting response on silent stimuli. To summarize, the LC plays a crucial role in the regulation of alerting and orienting networks.
For decades, changes in pupil diameter (PD) have been used to index arousal and attention (Beatty & Lucero-Waganer, 2000) . More recent studies have also linked it with a host of other cognitive processes, e.g. memory, rationality, object representation, or surprise (for review see Hepach & Westermann, 2016; Laeng, Sirois & Gradeback, 2012) . Like many psychophysiological responses, PD can either develop gradually over time in a tonic manner or at short latency in a phasic task-relevant fashion. Neurophysiological and neuroimaging research to date suggests that Additionally, recent studies have shown that PD is modulated by the predictiveness of the cue location in the orienting task in adults (Dragone et al., 2018) and it reflects the likelihood and speed of orienting in visual search task in infants (Kleberg et al., 2018) . Geva, Zivan, Warsha & Olchik (2013) investigated more closely PD as a marker of attention network activation in adults by measuring the time course of PD responses to different visual cues in the Attention Network Test (ANT), a behavioural paradigm for studying the orienting, alerting and executive attention networks (Fan, McCandliss, Sommer, Raz, & Posner, 2002) . In this task, the target stimulus is preceded by a cue, which is thought to activate one of the networks. Orienting is activated by a cue that provides information about the location of the target -Spatial Cue (SC), in comparison with a cue that provides information only about the onset time of a target -Central Cue (CC). Alerting network is activated by a warning cue that provides only information about the time of a target onset -Double Cue (DC), in comparison to the condition without any cue -No Cue (NC). Geva et al. (2013) found differential PD changes in the alerting, orienting and executive components of the ANT, which were limited to specific time windows relative to the onset of the visual cue. They interpreted these results as evidence for tonic and phasic PD modulation by specific attention networks, such that pupillary responses to DC relative to NC reflected selective activation of the alerting network, while responses to spatially valid Spatial Cues (SCValid) relative to CC reflected activation of the orienting network. However, this interpretation was challenged by Ambrosini et al. (2013) , who pointed out that the alerting and orienting conditions of the ANT activate to some extent all attention networks and thus PD responses in a given condition cannot be attributed exclusively to the activity of one network. Earlier studies using the ANT already showed that increased alertness influenced spatial cueing orienting effect providing additional evidence that the attention networks Developmental literature on the pupillary indices of attention networks is very limited. To shed more light on this topic, we investigated the activity of the alerting and orienting attention networks in 8-month-old infants. We adapted component tasks from the ANT to measure pupillary responses and saccadic reaction time to different visual cues. Thus, first, we tested whether, similarly to adults, the activity of the alerting and the orienting networks is reflected in the dynamics of PD (Geva et al., 2013) . Since both the alerting and the orienting network are already operational at this age, we hypothesised that the activity of each network is related to the differential dynamics of pupil dilation in different task conditions. Particularly, we predicted that the activity of the alerting network will be reflected in PD changes in response to the DC relative to a control NC condition. Also, the activity of the orienting network should be reflected in PD changes in response to spatially valid SC relative to the control CC condition. Moreover, we also tested the time course of the effects of each network, hypothesising that alerting-related PD changes will precede the orienting-related PD changes (Bast, Poustka & Freitag, 2018) . Secondly, since recent data suggests that the dynamics of PD may reflect the interactions between these attention networks (Ambrosini et al., 2013) , we sought to further separate out the effects of each network by means of covariance PCA (Lemercier et al., 2014) . The advantage of PCA for the evaluation of pupillary responses lies in the fact that all information in the PD data is taken into consideration rather than that of single data points and this information is used to identify the components that 
Method

Participants
Forty participants were recruited to take part in the study (age in days M = 238.05, SD = 15.82, range 213 -270; 22 girls). Five participants did not complete the study because of fussiness, while additional four were excluded from the analysis because they contributed less than 50% of valid trials in each condition. The final sample consisted of 31 infants (age in days M = 238.39, SD = 14.51, range 213 -270; 19 girls and 12 boys). All infants were healthy, delivered at term and except one without any complications (birthweight M = 3455 g, SD = 331, range 2450 -4020 g; gestational age M = 39.33 weeks, SD = 1.47, range 36 -42) . Participants were middle-class families from a city with >1.5 million inhabitants. The study was approved by the local ethics committee and conformed with the standards of the Declaration of Helsinki. Prior to the testing all parents gave written informed consent.
Procedure
Following a familiarisation with the testing room and staff, the infants were seated in a high chair (n = 12) or on parent's lap (n = 28), approximately 60 cm away from the eye-tracker 24" screen, on which the stimuli were presented. The experiment took place in a purpose-built, infantfriendly testing room. The area around the eye-tracker monitor was covered with a black cloth to provide a uniform background and occlude potential visual distractors. The eye-tracking task reported here was part of a longer testing session consisting of two eye-tracking tasks and a parentchild interaction.
Eye-tracking data (gaze position and pupil dilation) were collected using Tobii T60XL (Tobii AB, Sweden) with a 24" monitor, recording at a 60Hz sampling rate. At the beginning of the J o u r n a l P r e -p r o o f testing session an infant-friendly five-point calibration procedure was conducted (four points in corners of the screen and one in the centre). All participants successfully calibrated at least 4 points (calibrated from 1 to 3 times; M =4.64, SD = 0.66). The entire task did not exceed 10 min.
Luminance levels were measured immediately after the orienting experiment using a light meter We applied a gaze-contingent paradigm to maximise infant performance and to adjust the timing of stimulus presentation to individual differences in saccadic responses (see example in Figure 1 ). All the stimuli in all conditions were presented over a uniform pink background (224 cd/m2). At the beginning of each trial, the infant's attention was focused in the centre of the screen using a rotating and slightly looming colourful animation (a sunflower, subtending 3-5 deg in diameter, 86.40 cd/m 2 ). As soon as the infant fixated the central stimulus for at least 500 ms, the trial sequence was initiated with a presentation of a cue (a baby rattle, subtending 3 deg, 47.48 cd/m 2 ) for 100 ms with the cue stimulus being located either peripherally (spatial cue, SCalong the midline, left or right side of the screen, 14 deg from the centre; double cue, DCboth sides of the screen), or centrally (central cue, CCreplacing the attention-getter in the middle of the screen). On trials without any cue the central attention-getter stimulus remained on the screen for an additional 100 ms -same duration as the cue stimulus (no cue condition, NC). After 100 ms from the cue offset, a peripheral target (a cloud, subtending 5 deg diameter and 221.32 cd/m 2 ) was presented peripherally 12 deg from the centre along the midline either on the left or the right side and remained until fixated by the participant or for a maximum of 1300 ms. In all conditions the target was the same stimulus in J o u r n a l P r e -p r o o f one of two positions on the screen, it had the same eccentricity, and was equally often on the left and right side so the saccadic responses were comparable across all conditions. Similarly, the cue was always of the same size, always located along the vertical midline (with the exception of the no cue condition) and had the same colour and the same luminance to reduce the effect of on-screen luminance in the pupil response (Ajasse, Benosman, & Lorenceau, 2018) . Once fixated, the target was replaced by an animated, looming reward in the same location and remained on the screen for 1500 ms. The inter-trial interval was set to 1000 ms. 
Saccadic responses
Data from trials classified as valid (infant successfully fixated the central attention getter and the peripheral target) were analysed to extract saccadic latencies and pupil dilation. The task was presented in blocks. Each block consisted of eight conditions -two NC, two CC, two DC and two SC. In addition, the spatial cue tests were divided into two tasks in which the target appeared in the same (SCValid) or opposite place (SCInvalid) with a 1:4 ratio. In the final sample, participants First, we compared the average PD change in successive time windows (Lemercier et al., 2014) . Therefore, we computed the moving average of the change in PD using non-overlapping time windows of 100 ms for each condition. Next, we used paired-samples t-tests to identify periods of significant differences (p < .05) for the alerting (DC vs. NC) and the orienting (SCvalid vs. CC) networks ( Figure 2 ). Next, we clustered together consecutive significant segments into larger periods and we identified three fixed time windows: 1) early "negative peak" (200 -500ms from cue onset); 2) middle "positivity" (1400 -1800 ms), and 3) late "positivity" (1900 -2400 ms).
Average PD change values were calculated for each of these three time windows and each condition except for SCinvalid. Statistical analysis was carried out separately for each attention network (alerting, orienting network) with repeated-measures ANOVA with condition (for alerting network: We used Principal Component Analysis (PCA) to separate out the effects of the two attention networks on changes in PD. PCA is a non-parametric method that allows a complex dataset to be reduced to a lower dimension and reveal the sometimes hidden, simplified structure that often underlie it (Shlens, 2005) . We adopted an approach proposed by Lemercier and colleagues (2014) and ran covariance PCA on average PD time series for each condition and each participant using their script (function DataProcess.m). In this approach, a set of possibly linearly correlated data (i.e., pupil responses) was divided into a set of linearly uncorrelated variables (i.e., principal components). This transformation is performed is such way that the principal components are ordered by decreasing the amount of contained information (i.e., the first component contains as much of the variability in the data as possible). Finally, we identified the number of the components that explained at least in total 95% of the variance in the pupil data (see Table 1 ). We specifically tested whether PCA will identify two separate variance components: one potentially related to the alerting network in the first two time windows and another one related to the orienting network in the last time window. We limited the analysis to the three time windows, where we found significant differences between conditions (200-500 ms, 1400-1800 ms, and 1900-2400 ms).
The alerting network was evaluated using the NC and DC conditions, while the SCvalid and CC conditions were analysed for the orienting network. In both networks, we identified two components, which together explained nearly 100% of variance in the PD data (Component 1 [88 -93 %]; Component 2 [6 -11%] ). Next, we tested these components by statistically comparing the component scores between conditions and time windows using a separate two-way ANOVA for each network (alerting network: NC vs. DC; orienting network CC vs. SCvalid). Finally, we ran correlations between component scores and saccadic latencies for the SCValid condition and a hierarchical regression was used to test whether the component scores explain a significant a unique proportion of variance in infant saccadic latencies in the spatial cueing task. Since the onset of the J o u r n a l P r e -p r o o f visual target fell within the first time window, in which we analysed PD (i.e., 200-500 ms), we opted for a more cautious approach and analysed component scores only for the middle (1400-1800 ms) and late (1900-2400 ms) time windows, which occurred after the saccadic response was made.
All variables entered in the regression were mean-centred. 
Results
Saccadic
J o u r n a l P r e -p r o o f
In the orienting network, we found significantly greater PD for the CC than the SCvalid condition (F(1,30) = 4.95, p = .034, η 2 p = .14), along with an overall increase in PD as the trial went on (F(1,30) = 39.98, p < .001, η 2 p = .57). Subsequent pairwise comparisons confirmed a highly significant difference between the two conditions in the late time window (1900-2400 ms, SCvalid M(± SD) = .030 ± .10, CC M(± SD) = .090 ± .10, p = .002), but not in the early window (200-500 ms, SCvalid M(± SD) = -.125 ± .12, CC M(± SD) = -.117 ± .10, p = .69) or the middle window (1400-1800 ms, SCvalid M(± SD) = .026 ± .13, CC M(± SD) = .068 ± .11, p = .11).
We further investigated the interactions of the attention networks by means of covariance PCA to determine the number of components that retained enough information to describe our PD data. For both attention networks, we found two components that explained nearly 100% of the PD variance (see Table 1 and Supplementary Files for statistical comparisons between component scores).
Next, we tested whether the two components reflect differing attention mechanisms so that individual scores for each PCA component predict variability in saccadic responses to visual targets in the spatial cueing condition. Thus, we first ran correlations between component scores and saccadic latencies for the SCValid conditions (see Supplementary Table 1 for correlation coefficients). Saccadic latencies were significantly positively correlated with Component 1 scores for the DC condition in both the Middle (r = .433, p =.017; Figure 3a ) and the Late windows (r = .416, p =.022), but not with scores for the NC condition (both ps > .18). Moreover, Component 2 scores for the SCValid condition only in the Late time window (r = .528, p =.003) were positively correlated with saccadic latencies (see Figure 3b ), while the scores for the CC in either time window were not (both ps > .55). Finally, we used a hierarchical regression model to test whether both PCA components predict a unique proportion of variance in saccadic latencies in the SCValid condition and thus reflect separable activity of different attention networks when the infants perform the spatial cueing task ( 
Discussion
In this study, we investigated the effects of alerting and spatial cues on changes in pupil dilation (PD) during a visual orienting task in 8-month-old infants. PD is directly controlled by the sympathetic and parasympathetic branches of the autonomic system (Loewenfeld, 1993) and
indirectly reflects the activity of several neural mechanisms and neuromodulators, especially changes in alerting. Therefore, we expected Component 2 to indicate the activity of the orienting network. However, we did not find any significant difference in the Component 2 scores between the spatial and central cue condition. This lack of significant differences is likely related to the fact that Component 2 explained only a very small proportion of variance in PD data -between 5.77% and 10.5%. As Component 1 explains the majority of PD variability, it is likely that alerting-related component may have masked the orienting-related changes. To further test the validity of our interpretation we ran correlations between Component 2 scores for a given condition and saccadic latencies in the same condition (see Supplementary Table 3 ). The default expectation was that While the overall pattern of results for both attention networks is broadly consistent with the previous adult study (Geva et al., 2013) , we note that infant responses to DC and SC relative to control cues were inverted in comparison to the adult data. These differences could potentially be attributed, for example, to luminance changes during the stimuli, variations of on-screen luminance or variations in gaze position, which can both affect the estimates of PD. However, the detected luminance was very similar across conditions (see Supplementary Table 2 ) and such small differences are insufficient to influence PD to such an extentd. In fact, previous studies reported that ). However, in our stimuli, the luminance of the cues was constant across all conditions. For instance, in the CC and SCValid conditions the luminance is exactly the same and therefore the differences are most likely arising from attentional mechanisms affecting the pupil size given the correlations between Component 2 scores in the late window and saccadic latencies in the SCValid condition. There were slight differences in luminance between the DC (cue on both sides) and the NC condition (no cue presented, but attention getter remained for 100ms, the same as the duration of the cue). The attention getter stimulus was brighter than the cue stimulus, which would mean greater pupil constriction for the NC than the DC condition early in the trial. However, we obtained J o u r n a l P r e -p r o o f a reverse pattern: early on there was greater pupil dilation for the NC than the DC condition, thus the difference in brightness between those stimuli is the unlikely explanation of our results.
Altogether this suggests that on-screen luminance cannot explain our systematic condition differences in pupil responses. Finally, we controlled for gaze position in order to minimise its influence in the estimates of PD. Initially, for a trial to qualify as valid the infant needed to fixate the central attention-getter. After that, the cue appeared for 100 ms, which is not enough time to execute a saccade (e.g. Csibra, Tucker and Johnson, 1998) . Additionally, we excluded those trials where participants made a saccade in responses to the cue. Finally, all the objects were in the same position on the screen and had the same eccentricity, and was equally often on the left and right side so the saccadic responses were comparable across all conditions. Altogether, it is highly unlikely that the observed PD patterns were elicited by eye-movements or differences in the luminance level between conditions.
We were unable to find a similar case in the developmental PD literature; however, we note that similar reversed patterns of responses are not uncommon in psychophysiological research, e.g. mismatch responses to acoustic change are positive in infancy and negative in the adult brain (see Kushnerenko, van den Bergh & Winkler, 2013) . Also, a recent study has suggested that the parasympathetic inhibition and sympathetic activation may interact differently in infants in comparison to adults which can affect the activity of the LC and therefore the speed of the pupil response (Wetzel et al., 2016) . Our spatial and alerting cues produced faster responses than in control conditions, consistent with the adult literature, thus we have no reason to doubt that each cue type activated selected attention network. Furthermore, several aspects of our infant task differed from the adult ANT in the Geva et al. (2013) study: we recorded only oculomotor rather than manual and eye-movement responses, the stimulus asynchrony between the cue and the target was much shorter than in the ANT, to maintain infant looking at the screen, while adults performed additionally a flanker task on each trial, which may have further modulated PD on a trial-by-trial basis. It is possible that the spatial and alerting cues produce different pupillary responses due to the J o u r n a l P r e -p r o o f absence of stronger modulation from the executive attention network in our infant task. Thus, the reverse pattern of pupillary responses in our infant data compared to the adult warrants further research, but it is likely explained by the reduced engaged of the executive attention network.
Finally, we note several limitations of our study. First, with our paradigm, we could not test each attention network independently (Ambrosini et al., 2013) , thus we had to use PCA to separate the effect of each network. Second, it is possible that increasing infant tiredness throughout the task may reduce the network-specific effects on PD and introduce an error into our measurement of individual differences with PCA component scores. Third, one could argue that in the alerting condition the double cue may lead to a greater arousal than the control condition, no cue. This in itself may modulate the pupil dilation. However, increased arousal typically affects response times and we did not see any significant differences in infant saccadic latencies between the two conditions, which is consistent with adult data (Fernandez-Duque, Posner, 1997) . Finally, both control conditions involved cues presented in the centre, while alerting and spatial cues were presented in the periphery. It is, however, unlikely that this difference between conditions affected PD it itself, as previous animal work did not find an effect of stimulus eccentricity on pupil size (Wang et al., 2014) .
Conclusions
We analysed the time course of pupillary responses to alerting and spatial cues in 8-month-old infants. Using Principal Component Analysis, we found two separate components that peaked in different time windows, which we interpreted as reflecting separable contributions of the alerting and orienting attention network. Each of these components independently explained a substantial proportion (approximately 20% each) of variance in infant saccadic latencies, likely suggesting that oculomotor responses are modulated by both these networks already in infancy. Our study provides new evidence for the early emergence of individual differences in pupillary responses, which reflect the activity of attention networks in 8-month-olds during visual orienting.
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